Abstract: This paper presents an advanced method in urban growth modeling to discover transition rules of cellular automata (CA) using the artificial bee colony (ABC) optimization algorithm. Also, comparisons between the simulation results of CA models optimized by the ABC algorithm and the particle swarm optimization algorithms (PSO) as intelligent approaches were performed to evaluate the potential of the proposed methods. According to previous studies, swarm intelligence algorithms for solving optimization problems such as discovering transition rules of CA in land use change/urban growth modeling can produce reasonable results. Modeling of urban growth as a dynamic process is not straightforward because of the existence of nonlinearity and heterogeneity among effective involved variables which can cause a number of challenges for traditional CA. ABC algorithm, the new powerful swarm based optimization algorithms, can be used to capture optimized transition rules of CA. This paper has proposed a methodology based on remote sensing data for modeling urban growth with CA calibrated by the ABC algorithm. The performance of ABC-CA, PSO-CA, and CA-logistic models in land use change detection is tested for the city of Urmia, Iran, between 2004 and 2014. Validations of the models based on statistical measures such as overall accuracy, figure of merit, and total operating characteristic were made. We showed that the overall accuracy of the ABC-CA model was 89%, which was 1.5% and 6.2% higher than those of the PSO-CA and CA-logistic model, respectively. Moreover, the allocation disagreement (simulation error) of the simulation results for the ABC-CA, PSO-CA, and CA-logistic models are 11%, 12.5%, and 17.2%, respectively. Finally, for all evaluation indices including running time, convergence capability, flexibility, statistical measurements, and the produced spatial patterns, the ABC-CA model performance showed relative improvement and therefore its superiority was confirmed.
Introduction
Rapid urbanization caused by increasing urban population and massive immigration to urban areas [1] can lead to land use changes with negative impacts such as the deterioration of land resources, landscape fragmentation, social and environmental problems, and loss of agricultural lands among others [2] [3] [4] [5] [6] . It is possible to avoid these impacts through anticipatory planning based on urban land use change modeling [7, 8] .
Understanding this process is one of the most challenging issues in the geosciences [9, 10] . Recently, land use change models use the capabilities of spatial analyses within a geospatial information systems modelling with the CA method calibrated by the ABC algorithm to overcome the mentioned methods' drawbacks and (2) compare the proposed method performance with the PSO-CA method as a similar method and with the CA-logistic as a conventional method. The two models were tested on Urmia, Iran to simulate its future urban growth patterns. The city is located in the northwest of Iran. In the last five decades, the population of Urmia has increased by more than 10 times while its area increased by about 27-fold [56] , thereby the city represents a prime candidate for the consideration of rapid urbanization.
Urban Growth Modeling by CA
In the context of land use change, urban growth is affected by socio-economic and physical conditions, transportation status, environmental challenges, and so on [57] . Urban growth models attempt to estimate future urban boundaries in a planned way to avoid the negative effects of urban expansion. A CA-based urban growth model is commonly used because of its capabilities. CA models usually employ accessibility, neighborhood, suitability, and zoning status [57] . Conceptually, defining transition rules and neighborhood status, and determining restrictions and potential areas for development and random effects are major components of CA, as presented in Equation (1) [22, 58, 59] :
where P t ij is the development potential for cell ij; S t ij is the suitability of cell ij for changing based on relevant factors at times t; Ω t ij is the effect of the neighborhood development density; e r is a stochastic disturbance term for unknown errors; and Con are the constraints referring to the influencing factors, which exclude urban growth in some areas, such as environmental sensitive areas or mountainous areas. It is a conditional function and becomes true when the cell suitability for development is found [40] . The calculated development potential is compared with a threshold value based on future land demand to decide whether a non-urban cell can be converted to an urban cell at time t + 1 [22, 34] .
However, determining transition rules (or calibrating CA) becomes challenging and complicated when CA modeling is used to simulate a dynamic process such as urban growth modeling because of dealing with several heterogeneous and nonlinear variables and the complex relationships of effective land use conversion parameters [57, [60] [61] [62] . Among various methods to calibrate CA models, researchers have been able to solve the complex problems by SI algorithms such as ABC and PSO in order to overcome their inherent limitations such as subjectivity, black box nature, and linearity assumptions among effective urban growth factors [34] . The artificial bee colony (ABC) algorithm is one of the most successful SI algorithms used in optimization problems and can be used in calibrating CA for urban growth modeling because of its high performance. The following sections elaborate the original ABC and PSO algorithms for calibrating CA and investigating their comparison.
Artificial Bee Colony Algorithm
ABC algorithm is inspired by the foraging behavior of real honey bees for solving optimization problems [50] . The ABC algorithm is a robust, flexible, high performance method and few control parameters are required [54, 63] . In this algorithm, three kinds of bees comprising employed bees, onlooker bees, and scout bees try to capture and store the greatest amount of nectar (food) in the hive [52] . The original ABC algorithm for solving optimization problems performs the following steps [51] [52] [53] 64, 65] . The initial food sources positions (solutions) are produced by random initialization (Equation (2)):
where i = 1, . . . , SN, j = 1, . . . , D. SN is the number of solutions (food sources) and D represents the number of optimization parameters. In the original ABC algorithm as a population-based algorithm, determination of the initial population is the major step which is randomly performed. This means that there is no initial information regarding the solution. The improvement in configuration of the initial population of the ABC algorithm can influence the convergence of the algorithm and quality of the results [63] . Using chaotic maps in the initialization process of the ABC algorithm can generate a proper initial population [66] . The chaotic maps can be used to enhance the population diversity by exploiting the search space information. The chaotic routines as a sinusoidal iteration process (Equation (3)) can be utilized to make an effective initialization approach [63] . Therefore, in this paper, the initial population is produced by the performance of a chaotic routine; in order to improve the initial population, Equation (4) is used instead of Equation (2) .
In the next step, the employed bees apply some modifications on the positions of the food sources according to their local information in order to produce new-found food sources. The proposed solution is calculated based on new-found food sources. The food source V ij (Equation (5)) is located within the neighborhood of every food source X ij .
where j is a random number in (1, D) (D represents the number of optimization parameters) and k ∈ {1, 2, ..., SN} is a random index that should differ from i. ϕ ij represents a uniformly distributed real number in (−1, 1) that controls production of the food source location around X ij . A better solution between X ij and V ij is selected in the next stage by Equation (6):
where f i is the cost value of the produced solution i and abs is the absolute value. The "greedy solution" is made based on the profitability between X mn and V mn . Then a greedy selection based on profitability is performed between X ij and V mn . Probability values for solution X ij are calculated by Equation (7):
In this algorithm, a random real number in the range of [0, 1] is produced for each source (solution). If the calculated probability value for a food source is greater than the random number, then the onlooker bee performs a modification on the position of the food source with Equation (5). In the next step, exhausted food sources are identified and the new food source is replaced by the scout bee. The best solution until this stage is stored. The next iterations are started, and the previous steps are repeated until reaching the termination criterion.
However, the ABC algorithm has different dimensions based on the type of optimization problem by which only one of its dimensions is randomly selected to be changed at each iteration. To improve the performance of the algorithm, researchers applied ABC to perform optimizations in multiple dimensions. Applying changes in the value of the dimensions at each repeat of the ABC algorithm can lead to a better performance [67] . In this research, this strategy was used to improve the performance of the ABC algorithm in calibrating CA. Some changes in multiple dimensions were applied and the results were reviewed. Based on various tests, changes in four dimensions produced better results which are applied to the original ABC algorithm to solve the CA calibration problem in urban growth modeling. The proposed modeling framework includes a generic urban growth model based on CA, which is integrated with the ABC module for discovering the optimal CA transition rules. Figure 1 shows a flowchart of the proposed ABC-CA model for the urban growth modeling. In this research, population size, the number of employed bees and the number of onlooker bees were set to 100, 50, and 50, respectively. Dimension in the proposed ABC-CA model is set to 7 showing the number of spatial variables and limitation conditions (distance from business center, distance from road networks, distance from population centers, land use, environmental sensitive areas, slope, and elevation maps). Our proposed model was repeated 350 times.
As previously mentioned, spatial variables in the urban growth phenomenon have heterogeneity and nonlinearity attributes. In the first step, the involved geospatial layers are prepared based on the urban growth driving force parameters. Then, the initialization of the coefficients of the involved layers is performed by the bees with chaotic maps (initial transition rules of CA). Next, based on the CA specification and LR, the conversion potential of any pixel to change its state to an urban pixel is calculated. For every bee, a new layer is produced according to the calculated potential. By comparing the produced layers, the best bee is selected in the first iteration. Based on the selected bee, new transition rules are updated. In the next iterations, until the optimal solution is produced, the above-mentioned steps are repeated. As previously mentioned, spatial variables in the urban growth phenomenon have heterogeneity and nonlinearity attributes. In the first step, the involved geospatial layers are prepared based on the urban growth driving force parameters. Then, the initialization of the coefficients of the involved layers is performed by the bees with chaotic maps (initial transition rules of CA). Next, based on the CA specification and LR, the conversion potential of any pixel to change its state to an urban pixel is calculated. For every bee, a new layer is produced according to the calculated potential. By comparing the produced layers, the best bee is selected in the first iteration. Based on the selected bee, new transition rules are updated. In the next iterations, until the optimal solution is produced, the above-mentioned steps are repeated. 
Particle Swarm Optimization Algorithm
Particle swarm optimization (PSO) was introduced by Kennedy and Eberhart (1995) based on swarm intelligence and inspired by the foraging behavior of natural swarms such as birds and fish [68] . PSO is a proper algorithm for calibrating urban CA because of its abilities to obtain the optimum global pattern and reduce the simulation uncertainties. Therefore, CA can use this approach to obtain transition rules [34, 49] .
In PSO, there are n particles with the capability of moving around a supposed D-dimensional search space [69, 70] . Every effective factor influencing urban growth can be considered as a dimension of the search space. So, the total number of these factors is equal to D. In the search space, each particle is related to feasible parameters consisting of CA transition rules [34, 49] . The initial values for positions and velocities of particles are assigned randomly [52] . The position and velocity 
In PSO, there are n particles with the capability of moving around a supposed D-dimensional search space [69, 70] . Every effective factor influencing urban growth can be considered as a dimension of the search space. So, the total number of these factors is equal to D. In the search space, each particle is related to feasible parameters consisting of CA transition rules [34, 49] . The initial values for positions and velocities of particles are assigned randomly [52] . The position and velocity of each particle is adjusted by its individual experience and that of other particles. Then, the fitness value is calculated by a fitness function which determines the optimum position of each particle. [34, 70, 71] . The fitness function, for example, urban growth modeling, can be built by the accumulative difference between the simulated outcomes produced based on the traditional LR model and corresponding real values. This function is defined based on effective factors influencing urban growth and their probabilities. Finally, the algorithm will achieve the global best particle positions corresponding to the best parameters at calibrating an urban growth CA model. Figure 2 shows the flowchart of the proposed PSO-CA model for urban growth modeling.
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Study Area and Datasets
In this study, for calibrating CA, it is integrated with two SI algorithms including PSO and ABC. The models are tested using data for Urmia, Iran to simulate its future urban growth pattern. The city is located in the northwest of Iran. This study area is an important geographical region in the sense that it is located bordering Turkey and Iraq ( Figure 3 ). This situation has led to economic growth of the region over the years. The region's dominant economy relies on agriculture and recently some industrial activities have begun. In the past five decades, the population of Urmia has increased by more than 10 times while its area increased by about 27-fold [56] . This means that Urmia has experienced rapid urban growth. 
In this study, for calibrating CA, it is integrated with two SI algorithms including PSO and ABC. The models are tested using data for Urmia, Iran to simulate its future urban growth pattern. The city is located in the northwest of Iran. This study area is an important geographical region in the sense that it is located bordering Turkey and Iraq ( Figure 3 ). This situation has led to economic growth of the region over the years. The region's dominant economy relies on agriculture and recently some industrial activities have begun. In the past five decades, the population of Urmia has increased by more than 10 times while its area increased by about 27-fold [56] . This means that Urmia has experienced rapid urban growth. To evaluate urban changes and urban growth in Urmia, different datasets have been used as inputs. Landsat data were acquired for the years of 2004 and 2014 (ETM+ and OLI_TIRS, respectively) in order to extract the land use datasets for the region of Urmia. In this research, the maximum likelihood classification method was used to classify the images. The overall accuracies for the classified maps for the years of 2004 and 2014 were 88.52% and 90.67%, respectively. Figure 4 shows the urban growth map of Urmia from 2004 to 2014. Analysis of land use changes in Urmia over time reveals that the city area has increased by about 38.1% from 6518 to 9003 hectares during ten years (2004 to 2014), reflecting Urmia's rapid urbanization in suburbs which caused destruction of agricultural lands. From this process, about 47% of agricultural lands were converted to urban areas. This means that the urbanization process in Urmia threatens the region's economy that relies on agriculture. Therefore, it is necessary to consider this issue in the future development planning where urban growth scenarios can help to manage the destruction of farmlands. Previous studies showed that urban growth depends on various driving forces including urban size, location priority, socio-economic conditions, and environmental issues. Table 1 shows the effective factors in the urban growth process and their relevant data [59, 62] . The spatial variables in the urban growth process based on Table 1 were collected from different sources, converted to raster format, and loaded into the models ( Figure 5 ). To evaluate urban changes and urban growth in Urmia, different datasets have been used as inputs. Landsat data were acquired for the years of 2004 and 2014 (ETM+ and OLI_TIRS, respectively) in order to extract the land use datasets for the region of Urmia. In this research, the maximum likelihood classification method was used to classify the images. The overall accuracies for the classified maps for the years of 2004 and 2014 were 88.52% and 90.67%, respectively. Figure 4 shows the urban growth map of Urmia from 2004 to 2014. Analysis of land use changes in Urmia over time reveals that the city area has increased by about 38.1% from 6518 to 9003 hectares during ten years (2004 to 2014), reflecting Urmia's rapid urbanization in suburbs which caused destruction of agricultural lands. From this process, about 47% of agricultural lands were converted to urban areas. This means that the urbanization process in Urmia threatens the region's economy that relies on agriculture. Therefore, it is necessary to consider this issue in the future development planning where urban growth scenarios can help to manage the destruction of farmlands. Previous studies showed that urban growth depends on various driving forces including urban size, location priority, socio-economic conditions, and environmental issues. Table 1 shows the effective factors in the urban growth process and their relevant data [59, 62] . The spatial variables in the urban growth process based on Table 1 were collected from different sources, converted to raster format, and loaded into the models ( Figure 5 ). To evaluate urban changes and urban growth in Urmia, different datasets have been used as inputs. Landsat data were acquired for the years of 2004 and 2014 (ETM+ and OLI_TIRS, respectively) in order to extract the land use datasets for the region of Urmia. In this research, the maximum likelihood classification method was used to classify the images. The overall accuracies for the classified maps for the years of 2004 and 2014 were 88.52% and 90.67%, respectively. Figure 4 shows the urban growth map of Urmia from 2004 to 2014. Analysis of land use changes in Urmia over time reveals that the city area has increased by about 38.1% from 6518 to 9003 hectares during ten years (2004 to 2014), reflecting Urmia's rapid urbanization in suburbs which caused destruction of agricultural lands. From this process, about 47% of agricultural lands were converted to urban areas. This means that the urbanization process in Urmia threatens the region's economy that relies on agriculture. Therefore, it is necessary to consider this issue in the future development planning where urban growth scenarios can help to manage the destruction of farmlands. Previous studies showed that urban growth depends on various driving forces including urban size, location priority, socio-economic conditions, and environmental issues. Table 1 shows the effective factors in the urban growth process and their relevant data [59, 62] . The spatial variables in the urban growth process based on Table 1 were collected from different sources, converted to raster format, and loaded into the models ( Figure 5 ). Slope and elevation maps with resolutions 30 m × 30 m were derived from a digital elevation model extracted from topographic maps produced by the national cartographic center of Iran. Slope and elevation maps are important factors in modeling urban growth because they input realism into the prediction model by representing the real morphology of the study area. Figure 5a ,e illustrate the slope and elevation maps, respectively; the regions with the lowest values (slope and elevation) are suitable lands for urbanization in Urmia. A transportation network dataset was also used in this study; this dataset demonstrates the density of road network, showing the relationships among different land-uses. The proximity to the roads is calculated based on the Euclidean algorithm. Regions close to the roads have high suitability for urbanization (the lower values show high suitability). Another dataset used in the model considers environmentally sensitive areas such as forests, wetlands, floodplains, or environmentally sensitive lands that the future urban growth plan must preserve. Finally, other datasets used in this study include maps for the proximity to the major business center of the city and its neighboring population centers. According to Figure 5b ,c, the suitability for urbanization is decreased by increasing the distance to these areas (the lower values show high suitability).
Implementation and Simulation Results
The PSO-CA and ABC-CA models for the simulation of urban growth of Urmia were developed in Matlab TM and ArcGIS TM software based on the data processing flowchart presented in Figure 6 . Urmia land-use maps for 2004 were considered for the base map. According to previous studies, the urban changes and urban growth are influenced by the integration of various factors such as geographical, environmental, and socio-economic factors [16] . To evaluate and model the urban growth in Urmia, the data corresponding to the variables of influence (as presented in Table 1 and shown in Figure 5 ) were prepared as raster layers and loaded into the models. As part of the tested models, features of CA such as the neighborhood radius were characterized. In this study the 3-pixel neighborhood radius was used. In the proposed models, CA calibration was performed using integration of ABC and PSO algorithms. The obtained transition rules for each model were applied on the base map (2004) in order to produce simulated maps for 2014. A sample of transition rules of CA can be represented in Table 2 . and elevation maps are important factors in modeling urban growth because they input realism into the prediction model by representing the real morphology of the study area. Figure 5a ,e illustrate the slope and elevation maps, respectively; the regions with the lowest values (slope and elevation) are suitable lands for urbanization in Urmia. A transportation network dataset was also used in this study; this dataset demonstrates the density of road network, showing the relationships among different landuses. The proximity to the roads is calculated based on the Euclidean algorithm. Regions close to the roads have high suitability for urbanization (the lower values show high suitability). Another dataset used in the model considers environmentally sensitive areas such as forests, wetlands, floodplains, or environmentally sensitive lands that the future urban growth plan must preserve. Finally, other datasets used in this study include maps for the proximity to the major business center of the city and its neighboring population centers. According to Figure 5b ,c, the suitability for urbanization is decreased by increasing the distance to these areas (the lower values show high suitability).
The PSO-CA and ABC-CA models for the simulation of urban growth of Urmia were developed in Matlab TM and ArcGIS TM software based on the data processing flowchart presented in Figure 6 . Urmia land-use maps for 2004 were considered for the base map. According to previous studies, the urban changes and urban growth are influenced by the integration of various factors such as geographical, environmental, and socio-economic factors [16] . To evaluate and model the urban growth in Urmia, the data corresponding to the variables of influence (as presented in Table 1 and shown in Figure 5 ) were prepared as raster layers and loaded into the models. As part of the tested models, features of CA such as the neighborhood radius were characterized. In this study the 3-pixel neighborhood radius was used. In the proposed models, CA calibration was performed using integration of ABC and PSO algorithms. The obtained transition rules for each model were applied on the base map (2004) in order to produce simulated maps for 2014. A sample of transition rules of CA can be represented in Table 2 . Next, a comparison of the simulated and actual land use maps of 2014 in the models was made as a measure of their goodness of fit, and if their similarities met the defined threshold criteria for each model based upon its setting and the future demand to land development, then the processes were stopped and the algorithms produced the optimum transition rules for the CA models. Otherwise, they were repeated until reaching the threshold criteria. These optimum rules have been applied on the land use maps of 2014 to achieve prediction of urban growth in Urmia for the next ten years (2024). These predictions can help urban planners to deal with the negative impacts of urban growth by considering various strategies.
In order to evaluate our urban growth models, we compared the result of the simulations against the reference map to quantify the goodness-of-fit of the models projections [72, 73] . Comparisons between the observed and the simulated changes in the ABC-CA, PSO-CA, and CA-logistic models based on the areas of observed change simulated correctly (hits), observed persistence simulated as change (false alarms), observed change simulated as persistence (misses), and observed persistence simulated as persistence (correct rejections) [73] are shown in Figure 7 . Next, a comparison of the simulated and actual land use maps of 2014 in the models was made as a measure of their goodness of fit, and if their similarities met the defined threshold criteria for each model based upon its setting and the future demand to land development, then the processes were stopped and the algorithms produced the optimum transition rules for the CA models. Otherwise, they were repeated until reaching the threshold criteria. These optimum rules have been applied on the land use maps of 2014 to achieve prediction of urban growth in Urmia for the next ten years (2024). These predictions can help urban planners to deal with the negative impacts of urban growth by considering various strategies.
In order to evaluate our urban growth models, we compared the result of the simulations against the reference map to quantify the goodness-of-fit of the models projections [72, 73] . Comparisons between the observed and the simulated changes in the ABC-CA, PSO-CA, and CA-logistic models based on the areas of observed change simulated correctly (hits), observed persistence simulated as change (false alarms), observed change simulated as persistence (misses), and observed persistence simulated as persistence (correct rejections) [73] are shown in Figure 7 . From the total amount of 27,609 cells converted to urban areas during 2004-2014, the ABC-CA and PSO-CA models could correctly predict the spatial location of 16,026 and 15,477 of the changed cells, respectively. These results indicate that the models succeeded in correctly predicting the change of over half of the cells (the ABC-CA model fared better). On the other side, the allocation disagreement (AD: summation of the false alarms and misses) of the ABC-CA, PSO-CA, and CAlogistic models are (6.2% + 4.8) 11.0%, (7.7% + 4.8%) 12.5%, and (15.1 + 2.1) 17.2%, respectively. From the total amount of 323,670 cells that remained unchanged, the percentages of correctly predicted unchanged cells were correspondingly 82.9%, 81.4%, and 75.4% for the ABC-CA, PSO-CA, and CAlogistic models. Overall, these outcomes verify that the ABC-CA model produced less simulation From the total amount of 27,609 cells converted to urban areas during 2004-2014, the ABC-CA and PSO-CA models could correctly predict the spatial location of 16,026 and 15,477 of the changed cells, respectively. These results indicate that the models succeeded in correctly predicting the change of over half of the cells (the ABC-CA model fared better). On the other side, the allocation disagreement (AD: summation of the false alarms and misses) of the ABC-CA, PSO-CA, and CA-logistic models are (6.2% + 4.8%) 11.0%, (7.7% + 4.8%) 12.5%, and (15.1% + 2.1%) 17.2%, respectively. From the total amount of 323,670 cells that remained unchanged, the percentages of correctly predicted unchanged cells were correspondingly 82.9%, 81.4%, and 75.4% for the ABC-CA, PSO-CA, and CA-logistic models.
Overall, these outcomes verify that the ABC-CA model produced less simulation error and can perform better compared with the PSO-CA and CA-logistic models in modeling urban growth in Urmia.
In addition to the above validation, we used other statistical measures, such as figure of merits (FoM), overall accuracy (OA), and total operating characteristic (TOC), to assess the spatial accuracy of the models (Figure 8 ) [74] . The FoM is defined as the ratio of the intersection of the observed change and predicted change to the union of the observed change and predicted changes (Equation (8)) [74] . 
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Another method that is widely used to validate urban growth and land change models is the relative operating characteristics (ROC) index proposed by Pontius and Schneider (2001) [75] . It evaluates the capability of the model in producing the best suitability maps independent of applying the threshold values to create a binary change map [75, 76] . However, according to Pontius and Si (2014) , several concerns exist regarding the use of ROC and the area under the curve of the ROC as an accuracy measure showing the summarization of the strength of the model [75] . The total operating characteristics (TOC) were introduced to deal with the ROC limitations. The consideration of multiple thresholds was accomplished by both ROC and TOC methods. TOC generates a graphical plot to reveal the information which shows a whole contingency table for all thresholds while ROC fails to do that. TOC shows the produced information of ROC and additional information such as the size of the number of observations (as the horizontal axis), the size of reference presence (the vertical axis), and information about the contingency table (Table 3 ). The contingency table presents accuracy statistics, including the total accuracy, the user accuracy, and producer accuracy. In Table 3 , the main entries are hits (H), misses (M), false alarms (F), and correct rejection (CR) for a given threshold t. In the TOC plot, two boundaries as minimum and maximum exist that show the possible space of the TOC curve [75] . Figure 9 shows the TOC plots for the ABC-CA, PSO-CA and CA-logistic models. Comparing the two plots shows that the TOC curve of the ABC-CA model is closer to the maximum boundary representing the highest ranking observations of the index variable [59] rather than the TOC curve of the PSO-CA and CA-logistic models. This means that the ABC-CA model creates better results compared with those of the PSO-CA and logistic models. Table 4 shows the summary of the validation methods used in this research to evaluate the performance of the implemented models in urban growth modeling. 
Discussion
In this study, swarm intelligence algorithms, in particular, the ABC and PSO algorithms, were integrated with CA to calibrate CA in the urban growth process because of their capabilities in dealing with complex relationships. Based on the land use maps derived from remote sensing images, the urban lands in Urmia during 2004-2014 increased by about 38%. This rapid urban growth in Urmia destroyed agricultural lands and if this trend continues in the future, then more agricultural lands will continue to convert to urban lands. Agricultural landscapes have a significant role specifically in food production and water quality (2007) . Therefore, preventing the conversion of rural areas to urban lands can lead to the achievement of some sustainability goals and can help to avoid the negative impacts of rapid urbanization. In this research, we provided approaches to estimate the possible future urban growth for improving decisions in urban planning. The approaches were attempted to predict the future urban growth in Urmia for the year 2024 while considering some limitation in the urban growth. The simulations reveal that Urmia tends to expand in its bordering areas especially in agricultural areas in the north and the northeast. Areas of the simulated gain of the urban lands for the ABC-CA, PSO-CA, and CA-logistic models were calculated as 2824, 3155, and 4960 hectares, respectively, whereas in reality this growth has been 2500 hectares during the period from 2004 to 2014. The ABC-CA model produced a closer estimation. The results showed that conversion of agricultural areas to urban lands in the ABC-CA model are less compared with those of PSO-CA and CA-logistic models (25.9% versus 31.4% and 37.8%).
Furthermore, our studies indicated that the rural-urban conversion in the eastern area of Urmia occurred because of its location relative to the major ring road (connecting the eastern parts of Urmia to its northern parts). The results reveal that proximity to the roads has had a prominent role in the urban growth in Urmia compared with other factors such as distance-based factors, slope, and elevation. Overall, it was realized that the eastern and northern parts of Urmia had more urbanization while in other areas urban growth occurred in the steep fringe wastelands.
In terms of performance, it was found that the convergence in the ABC-CA model was much faster compared with those of the PSO-CA model. In addition, implementation of the ABC-CA model was easier than the PSO-CA model because the ABC algorithm is considered to be highly flexible since it only requires two control parameters of maximum cycle number and colony size, while the PSO algorithm has more control parameters. In this experiment, the performance of the two models for modeling the urban growth in Urmia were assessed using Matlab2010 on a CORE i7 CPU with 8 GB RAM. The time taken to complete achieving the outcomes for the ABC-CA model was 31.6 h, while the time required for the PSO-CA model to complete the process took 34.5 h. This means that the ABC-CA model converged in a better time compared with that of the PSO-CA model. This research investigated various factors to validate our proposed methods. In all evaluation indices, such as running time, convergence capability, flexibility, statistical measurements, and the spatial patterns, the ABC-CA model performance showed relative improvement in comparison with the PSO-CA model. Therefore, based on overall consideration of the indices we can confirm the superiority of the ABC-CA to the PSO-CA model.
Further research is needed on how to integrate other swarm intelligence algorithms or hybrid approaches such as ABC-PSO, Cuckoo-ABC, and Cuckoo-PSO with CA to achieve optimum transition rules in urban growth modeling. It seems that new hybrid algorithms can provide better predictions of future possible urban growth because of their ability to use the advantages and ignore the weaknesses of any of the individual approaches. The establishment of strong and adequate integration strategies is required for the establishment of useful and effective models for estimating future urban growth.
The use of CA for urban growth modeling has some limitations. It cannot reflect the feedback of the system and social behavior influence on the prediction and interact with the externalities driving the process. Also, it is not an appropriate method to consider aspatial dynamics such as behavior of resident, developer, and government agents in the modeling. An agent based model approach can help solve the drawback of CA by allowing it to respond to drivers and to various externalities dynamically. The coupling of agent based models with CA calibrating by swarm intelligence approaches could be used for the formation of hybrid models in order to improve the ability of the prediction results to take static and dynamic aspects of the urban growth process into consideration.
Conclusions
CA is one of the most important models in the context of land use changes (such as urban growth) that has attracted the attention of researchers. The extraction of transition rules which define the future status of the cells in the CA model is a critical step. Nonlinearity and heterogeneity characterizes the urban growth process and influence the extraction of proper CA rules. Therefore, using artificial intelligence methods for discovering the rules for effective techniques when facing special conditions such as nonlinearity of the urban expansion is necessary. Recently, swarm intelligence based methods such as ABC and PSO in combination with CA have been shown to demonstrate good performance in urban change modeling. Additionally, some researchers have introduced several modifications on the ABC method to increase its performance. We constructed an ABC-CA model and applied two modifications on it to improve the performance of the model.
In this research, in order to compare the performance of the ABC-CA based method, we implemented a PSO-CA method that had good performance in previous studies [29] in urban CA based models. We selected 2004 as the base year for testing the estimated future urban land use changes and urban growth of Urmia. Simulation results were compared with their actual values for validation and simulation for a ten year period (2004 to 2014). Validation of the models' results was performed by various indices such as overall predication correctness and error, FoM, OA, AD, and TOC. The results verify that in comparison to the PSO-CA and CA-logistic models the ABC-CA model generates better results considering the validation indices in modeling the simulation of urban growth. The simulation results reveal that there was less conversion of agricultural lands to urban lands using the ABC-CA model compared to that of the PSO-CA and CA-logistic models. This is an important issue for Urmia, given that its economy is mainly based on agriculture, the ABC-CA model can better provide more realistic results for urban growth simulation.
